The biosynthesis of many eukaryotic proteins requires accurate targeting to and translocation across the endoplasmic reticulum membrane. Post-translational protein translocation in yeast requires both the Sec61 translocation channel, and a complex of four additional proteins: Sec63, Sec62, Sec71, and Sec72. The structure and function of these proteins are largely unknown. This pathway also requires the cytosolic Hsp70 protein Ssa1, but whether Ssa1 associates with the translocation machinery to target protein substrates to the membrane is unclear. Here, we use a combined structural and biochemical approach to explore the role of Sec71-Sec72 subcomplex in post-translational protein translocation. To this end, we report a crystal structure of the Sec71-Sec72 complex, which revealed that Sec72 contains a tetratricopeptide repeat (TPR) domain that is anchored to the endoplasmic reticulum membrane by Sec71. We also determined the crystal structure of this TPR domain with a C-terminal peptide derived from Ssa1, which suggests how Sec72 interacts with full-length Ssa1. Surprisingly, Ssb1, a cytoplasmic Hsp70 that binds ribosome-associated nascent polypeptide chains, also binds to the TPR domain of Sec72, even though it lacks the TPR-binding C-terminal residues of Ssa1. We demonstrate that Ssb1 binds through its ATPase domain to the TPR domain, an interaction that leads to inhibition of nucleotide exchange. Taken together, our results suggest that translocation substrates can be recruited to the Sec71-Sec72 complex either post-translationally through Ssa1 or cotranslationally through Ssb1.
A decisive step in the biosynthesis of many eukaryotic proteins is their accurate targeting to and translocation across the endoplasmic reticulum (ER) 3 membrane. In yeast, proteins enter the ER either co-or post-translationally (for review, see Refs. 1, 2) . Co-translational translocation is used by secretory proteins with hydrophobic signal sequences and by membrane proteins (3) . In co-translational translocation, the translating ribosome is first targeted to the ER membrane by the signal recognition particle (SRP) and its receptor (SR). Subsequently, the ribosome binds to the translocation channel, the Sec61 channel, and the growing polypeptide chain is transferred from the ribosome tunnel into the channel. In the absence of SRP or SR, yeast cells remain viable and the translocation of certain proteins, such as prepro-carboxypeptidase Y (ppCPY) and prepro-␣ factor (pp␣F), is not affected (4) . These proteins are translocated only after completion of their synthesis (5) (6) (7) . Taken together, these observations suggested an SRP-independent ER targeting pathway.
The SRP-independent, post-translational translocation pathway is used by secretory proteins with less hydrophobic signal sequences including many glycosylphosphatidylinositol-anchored membrane proteins (3, 8) . Work in Saccharomyces cerevisiae has shown that post-translational translocation is mediated by the Sec complex, an assembly of the Sec61 channel with a tetrameric protein complex consisting of Sec62, Sec63, Sec71 (Sec66), and Sec72 (9, 10) . Sec72 is a peripheral membrane protein, whereas Sec71 is a single-spanning membrane protein with a C-terminal cytosolic domain (11, 12) . Sec62 and Sec63 have two and three transmembrane regions, respectively, along with cytosolic domains (13, 14) . In support of their role in post-translational translocation, mutations or deletions in any one of the genes coding for components of the tetrameric complex results in translocation defects in yeast (3, 11, 12, 15) .
The tetrameric complex is required for the initial binding of post-translational substrates (10) , as well as for their subsequent translocation across the ER membrane (10) . How the individual components of the tetrameric complex participate in substrate recognition and regulate translocation through the Sec61 channel is poorly understood. The only established function of the complex is a role for the J-domain of Sec63; it activates the ATPase activity of Kar2 (BiP), a member of the Hsp70 family of ATPases in the ER lumen (16) . Following ATP hydro-lysis, Kar2 binds to the translocating polypeptide chain and prevents the backsliding of the chain into the cytosol (17) .
Early work has shown that the Ssa proteins, cytoplasmic Hsp70 proteins, are also required for post-translational translocation (18 -20) . Cross-linking experiments demonstrated that Hsp70 and other cytoplasmic chaperones associate with a translocation substrate as soon as it is released from the ribosome (21) . All these proteins are lost when the substrate engages the Sec complex and inserts into the translocon. Photocrosslinking experiments have shown that the substrate is then in contact with Sec62, Sec71, and Sec72 (21) . It is not known whether these proteins can serve as the targeting site for Ssa1. Whether cytoplasmic Hsp70 itself acts as a targeting factor analogous to SRP is also uncertain. It could simply act as a chaperone, keeping substrates in an unfolded or loosely folded conformation, as has been demonstrated previously (18 -20) , whereas targeting would occur exclusively by an interaction of the signal sequence with the Sec61 channel. Alternatively, Hsp70 could have a specific interaction with the Sec complex components and thus facilitate targeting.
Previous data suggest that the targeting of post-translational substrate to the ER membrane can also occur co-translationally, that is, before completion of polypeptide synthesis (5) (6) (7) 22) . In addition, using proximity-specific ribosome profiling, it was demonstrated that Sec71 deletion affects the co-translational targeting of certain substrates to the ER membrane (22) , even though there is no known mechanism for coordinating translation with recruitment of the translating ribosome to the Sec complex. One possibility is that ribosome-nascent chain complexes bind to the Sec complex through a direct interaction of the ribosome with Sec61. However, this seems unlikely, because the Sec complex, in contrast to the Sec61 channel in isolation, does not interact with ribosomes (10). Alternatively, it is possible that the targeting of ribosome-nascent chain complexes is mediated by another factor. A possible candidate is Ssb1, a cytoplasmic Hsp70 that associates with ribosomes (23) (for review, see Ref. 24 ) and interacts with nascent chains. Binding of nascent chains to Ssb1 and the ER targeting factor SRP appears to be mutually exclusive (25) , raising the possibility that Ssb1, like the Sec complex, participates in the SRP-independent pathway and can serve as an early sorting factor for ribosomebound nascent chains. However, it is unknown whether Ssb1 has a specific affinity for any of the components of the translocation machinery.
It is likely that structural characterization of the Sec complex or its subcomplexes will be important for unraveling the molecular mechanisms by which these proteins mediate post-translational translocation. However, with the exception of a 21-Å low-resolution cryo-electron microscopy structure of the Sec complex (26) , no structural information is currently available.
Here, we report the first structure of a constituent of the Sec complex, the Sec71-Sec72 subcomplex. The structure shows that Sec72 contains a TPR domain that is tethered to the ER membrane by Sec71. We also determined the crystal structure of the TPR domain bound to the C terminus of Ssa1, which suggests how full-length Ssa1 interacts with Sec72. Furthermore, the structure revealed a previously unappreciated variability in the mode of chaperone binding to TPR domains. We demonstrate that the TPR domain of Sec72 also binds the ATPase domain of Ssb1 and inhibits its nucleotide exchange activity. Mutagenesis shows that both binding interfaces, Sec72-Ssa1 and Sec72-Ssb1, play a role in protein translocation. Taken together, our results suggest that translocation substrates can be recruited to the Sec71-Sec72 subcomplex either post-translationally through Ssa1 or co-translationally through Ssb1.
Results

Crystal structure of the Sec71-Sec72 complex
We reasoned that Sec71 and Sec72 may form a subcomplex of the tetrameric complex (Sec63, Sec62, Sec72, and Sec71) because Sec72 is required for the integration of Sec71 into the tetrameric complex (11) and Sec71 is essential for the stability of Sec72 in vivo (11) . Given that both Sec71 and Sec72 have domains that are primarily exposed to the cytosol, the N-terminal transmembrane segment of Sec71 is likely not required for the interaction between the two proteins. We therefore expressed Sec71 from Chaetomium thermophilum without its transmembrane segment (Sec71 f ) together with full-length Sec72 from the same species (Fig. 1a ). The complex was expressed in Escherichia coli cells and purified by Ni-NTA chromatography, using an N-terminal His 7 -tag on Sec71, followed by ion exchange chromatography and gel filtration. The size of the complex in gel filtration and the relative intensity of the two bands in Coomassie Blue-stained SDS gels indicate that the assembly consists of one polypeptide each of Sec71 f and Sec72 (Fig. 1a ). The data also demonstrate that the cytosolic domain of Sec71 (Sec71 f ) is sufficient to bind Sec72. The 1:1 stoichiometry is confirmed by the crystal structure of the complex, determined at 3.0-Å resolution ( Fig. 1b ). Sec71 f contains three ␣-helices, with the N-terminal two helices forming "the base" of Sec71. Given that the N terminus is preceded in the full-length protein by the transmembrane segment, we postulate that these helices are proximal to the membrane. The third helix points away from the base and serves as the anchor for Sec72. This helix is followed by an extended loop that is stabilized by crystal contacts. Sec72 consists of an N-terminal domain that interacts with the base of Sec71 and a C-terminal TPR domain. The TPR domain consists of three sets of helixloop-helix motifs (TPR1-3) and a C-terminal stabilizing helix (Fig. 1c ). The convex surface of the TPR domain interacts with the third helix of Sec71, leaving the concave surface unoccupied. This surface is generally the binding site for ligands in TPR domain-containing proteins. In Sec72, it is positively charged (Fig. 1d ), similarly to the TPR domains in Hop, Tom71, and Unc45, which all interact with the negatively charged C termini of chaperones (27) (28) (29) . These features raise the possibility that the TPR domain of Sec72 also interacts with the negatively charged C terminus of a chaperone.
The TPR domain of Sec72 binds the C-terminal tail of Ssa1
To test whether cytoplasmic chaperones interact with the Sec71-Sec72 complex, we incubated His 7 -tagged complex with untagged Ssa1, Sse1, Hsc82, or Hsp104. After binding to Ni-NTA resin, the bound material was analyzed by SDS-PAGE and Coomassie Blue staining. Binding was observed for Ssa1,
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whereas the other chaperones showed little or no interaction ( Fig. 2a ). Interestingly, Hsc82 (S. cerevisiae Hsp90) has the same four C-terminal amino acids as Ssa1 (EEVD). It is likely that upstream residues of the Hsp90 sequence, in particular a Met residue, interfere with the interaction in a similar manner as observed with the Hsp70-interacting TPR domain of the Hop protein (27) .
To test whether the TPR domain of Sec72 is responsible for the interaction with Ssa1, we performed gel filtration experiments with purified proteins (Fig. 2b ). Indeed, a population of the two proteins co-eluted, the low percentage likely reflecting a weak interaction between the two proteins. Determination of the binding constant by microscale thermophoresis gave an apparent binding constant of ϳ55 M (Fig. 2c ). We next tested whether Ssa1 binds the TPR domain of Sec72 via its C termini, akin to that seen for Hsp70 binding to other TPR domains such as Hop, Tom71, and Unc45 (27) (28) (29) . A GST fusion of the C-terminal lid domain of Ssa1 interacted with the TPR domain ( Fig.  2d ), whereas a construct lacking the last 14 amino acids did not bind ( Fig. 2e ). These results support the idea that the C termi- Figure 1 . Crystal structure of the cytosolic domains of the Sec71-Sec72 complex. a, the cytosolic domains of Chaetomium thermophilum Sec71 and Sec72 indicated in yellow and orange, respectively, were co-expressed in E. coli and purified. Sec71 f is a His 7 -tagged fragment of Sec71 that lacks N-terminal residues, including the TM segment (in black), and some residues at the C terminus, which are not conserved and predicted to be unstructured. The lower panels show the last purification step (gel filtration) with fractions analyzed by SDS-PAGE and Coomassie Blue staining. b, ribbon diagram of the structure of the Sec71-Sec72 complex. Sec71 is shown in yellow and Sec72 in orange. The hypothetical orientation of the complex with respect to the ER membrane is indicated. c, magnified view of the TPR domain of Sec72 bound to Sec71. The three helix-loop-helix motifs are labeled as TPR1-3. The C-terminal, stabilizing helix is shown in green. Sec71 is indicated in yellow. d, space-filling model of the TPR domain, with basic and acidic residues indicated in blue and red, respectively.
nus of Ssa1 interacts with the TPR domain of Sec72. Weak binding between TPR domains and an Hsp70 partner have also been reported for many other cases (18 -230 M) (27, 29, 30) and may not be surprising, as only a few residues of the Hsp70 interact with the TPR domain.
To further characterize the interaction between the C terminus of Ssa1 and the TPR domain, we attempted co-crystalliza-tion of the Sec71-Sec72 complex or of the TPR domain with a synthetic C-terminal Ssa1 peptide, or soaking of Sec71-Sec72 crystals with the peptide. However, the resulting structures lacked bound peptide, likely because the interaction was weak. To facilitate binding, we therefore fused a C-terminal peptide of Ssa1 (HDNDGPTVEEVD) to the TPR domain of Sec72, both derived from C. thermophilum. The fusion protein indeed crys- tallized, and its structure was determined by molecular replacement and refined to a resolution of 2.87 Å. Eight copies of the fusion protein were located in the asymmetric unit, but they did not differ significantly (root mean standard deviation (r.m.s.d.) 0.35-0.5 Å). In addition, the structure of the TPR domain was essentially the same as in the Sec71-Sec72 structure determined without peptide (r.m.s.d. 0.36Å, supplemental Fig. S1 ). The only difference is in the orientation of Lys-159. In the Sec71-Sec72 structure, Lys-159 forms a hydrogen bond with Asp-193 of the stabilizing helix, whereas in the Sec72-Ssa1 peptide fusion protein structure, it reorients and contacts the terminal Asp-226 of the Ssa1 peptide.
In agreement with our prediction, the negatively charged C terminus of Ssa1 (PTVEEVD) sits in the positively charged pocket formed by the concave surface of the TPR domain. Most of the preceding residues of Ssa1 are invisible, suggesting that they are flexible and do not perturb the binding of the C-terminal tail. The TPR domain forms a two-carboxylate clamp that holds the terminal Asp-226 of the PTVEEVD sequence in place. Asp-226 forms extensive hydrogen bonds and salt bridges with conserved residues in TPR1, TPR2, and TPR3, including Arg-80, Asn-84, Asn-128, and Lys-159 ( Fig. 3a ). In addition, side chains of Glu-223 and Thr-221 (corresponding to the underlined residues in the PTVEEVD sequence) contact TPR2 through Gln-135 and Gln-131 and the stabilizing helix through Asp-193, respectively (Fig. 3a) . The backbone of the Ssa1 peptide also engages in polar contacts with residues Asn-128, Arg-163, Tyr-87, and Arg-80 of the TPR domain ( Fig. 3a ). In contrast to Hsp70 protein Ssa1, in Hsp90 protein, a Glu residue replaces Thr-221 at the corresponding position, providing another explanation why Sec72 is specific for Hsp70.
The TPR domain of Sec72 is structurally similar to the TPR domains of Hop and Tom71 (27, 28) , which also bind the negatively charged C terminus of Hsp70 (r.m.s.d. 1.4 Å and 2.0 Å, respectively). Hop and Tom71 also use the two-carboxylate clamp to interact with the C-terminal Asp residue of the Hsp70 peptide. In both cases, the Hsp70 peptide is bound in an extended conformation. In contrast, in the TPR-Ssa1 peptide structure, the Ssa1 peptide forms a 3 10 helix (Fig. 3b ) by virtue of intramolecular hydrogen bonding between Pro-220 and Glu-223 of the Ssa1 peptide. The same Ssa1 peptide forms a ␤-strand in the structure of the unrelated Sis1 (Hsp40)-Ssa1 complex (31) . Taken together, this shows that the C-terminal Ssa1 tail is versatile and can adopt different structures depending on its binding partner.
Next we used site-directed mutagenesis to test whether the TPR-peptide interaction observed in the crystal structure is relevant for complex formation between Ssa1 and Sec72. Residues at the interaction interface of the TPR domain were changed to Ala, and complex formation between purified full-length Ssa1 and the TPR domain of Sec72 was analyzed by gel filtration. Indeed, mutations in either TPR2 (mutations of Asn-128, Gln-131; mutant TPR2*) or TPR3 and the stabilizing helix (mutation of Lys-159, Arg-163, and Asp-193; mutant TPR3*) abolished the interaction (Fig. 3c ). These results confirm that the C terminus of Ssa1 interacts with the TPR domain of Sec72.
To test whether the interaction between Sec72 and Ssa1 has a role in protein translocation in vivo, we introduced the TPR mutations that disrupt the interaction of the C. thermophilum components into the interaction surface of full-length S. cerevisiae Sec72. Translocation of the post-translational substrate carboxypeptidase Y (CPY) was tested by incubating yeast cells for a short time period with Trans 35 S-label and determining the percentage of non-translocated molecules. In wild-type cells, only 9% of CPY remained non-translocated in the cytosol, whereas in cells lacking Sec72 the percentage increased to 43%. Mutants in the Ssa1 interaction surface of Sec72 (TPR2* and TPR3* mutations) showed a moderate translocation defect (19 -25%) (Fig. 3d) . These results indicate that Ssa1 binding to Sec72 plays a role in post-translational translocation. The stronger translocation defect seen with a sec72 deletion mutant could be because of additional defects in Sec complex function (12) or is suggestive of other factors being involved in Sec72mediated protein translocation.
Ssb1 interaction with the TPR domain of Sec72
Surprisingly, we found that Ssb1, a cytosolic Hsp70 that lacks the C-terminal EEVD sequence, also interacts with the TPR domain of Sec72 (Fig. 4a ). This interaction is mediated by the ATPase domain of Ssb1 (Fig. 4b) , an interaction that is reminiscent of the binding of the TPR domain of Hip to the ATPase domain of Hsp70 (32) . Because Hip inhibits the nucleotide exchange of the ATPase domain, we tested whether the TPR domain of Sec72 has a similar activity. Full-length Ssb1 was incubated with fluorescently labeled MANT-ADP (2Ј-(or-3Ј)-O-(N-methylanthraniloyl)-ADP), and the release of the nucleotide analog was followed by the decrease in fluorescence after addition of ATP. Rapid nucleotide exchange was observed ( Fig.  4c, blue dots) . When the TPR domain of Sec72 was added, nucleotide exchange was drastically reduced (Fig. 4c , orange dots). A similar effect was observed when the TPR domain was added to the isolated ATPase domain of Ssb1 (Fig. 4d , orange versus blue dots). These results suggest that the TPR domain of Sec72 interacts in a similar way as Hip with the ATPase domain of Hsp70 (32) . Indeed, a model can be built on the basis of the crystal structure of the Hip-Hsp70 ATPase domain complex, in which the TPR domain of Sec72 replaces that of Hip ( Fig. 4e ) (overlay shown in supplemental Fig. S2 ) and the Ssb1 ATPase domain replaces that of Hsp70. A comparison of the structures of the TPR domains shows that five of six Hip residues that interact with the ATPase domain and are required for nucleotide exchange inhibition (32) are also found in Sec72 (Asp-190, Asp-191, Phe-187, Asn-157, Arg-80). A similar analysis showed that only one or none of these residues is found in the TPR domains of mammalian and yeast Hop (TPR1 and TPR2B, respectively), Unc45, CHIP, Sgt2, or Tom71, which all interact with the C terminus of Hsp70, but likely not with the ATPase domain. Based on the homology model for the complex of the Sec72 TPR domain and the Hsp70 ATPase domain (Fig. 4e ), we changed two Glu residues to Arg in the loop between TPR3 and the stabilizing helix , which should interfere with complex formation. When tested in the ADP release assay, this mutant (TPR $ ) had indeed a reduced activity in inhibiting nucleotide exchange (Fig. 4c, green dots) . Importantly, introducing the same mutations into full-length Sec72 reduced post-translational translocation of CPY in S. cerevisiae Sec71-Sec72 and Hsp70s in post-translational protein translocation cells (TPR $ ) ( Fig. 3d ), demonstrating the physiological relevance of this interaction. The partial translocation defects seen with each of the mutant classes (TPR2*, TPR3*, and TPR $ ) ( Fig.  3d, upper panel) suggest that they each interfere with only one targeting pathway, Ssa1-dependent or Ssb1-dependent. In strains lacking Sec72, both pathways are likely disrupted, leading to a stronger CPY translocation defect. To further validate that the TPR domain of Sec72 interacts with the ATPase domain of Ssb1, we made a mutant in the ATPase domain of full-length Ssb1 that is expected to affect complex formation (E286A and R264A; Ssb1 # mutant) (Fig. 4e ). The nucleotide exchange rate of this mutant was similar to that of wild-type Ssb1, but was only moderately inhibited by the TPR domain ( Fig. 4f ). Taken together, these results suggest that the TPR domain of Sec72 can interact through distinct surfaces not only with the C terminus of Ssa1, but also with the ATPase domain of Ssb1.
Discussion
Here, we report a high-resolution structure of the Sec71-Sec72 subcomplex, a component of the Sec complex involved in post-translational protein translocation across the yeast ER membrane. The structure demonstrates that Sec71 serves as an ER anchor for Sec72, consistent with observations that deletion mutants of Sec71 or Sec72 have the same phenotype, and that Sec71 deletion leads to destabilization of Sec72 (11, 12) . The structure and biochemical experiments show that Sec72 has a TPR domain that interacts with members of two different Hsp70 families, Ssa1 and Ssb1. Ssa1 associates through its C-terminal acidic tail with the TPR domain, whereas Ssb1 binds through the ATPase domain.
The interaction of Sec72 with Ssa1 is consistent with predictions based on the co-evolution of the two binding partners (33) . Because Ssa1 interacts through its C terminus with Sec72, its peptide-binding pocket would remain accessible in the complex. We therefore suggest that post-translationally translocated substrates bind to Ssa1 and are then targeted through the Ssa1-Sec72 interaction to the translocation channel ( Fig. 5 ). This is further supported by our in vivo translocation assays, which demonstrate that disruption of the Ssa1 binding interface on Sec72 affects the transport of the post-translational substrate CPY across the ER membrane.
So far, it has been assumed that a specific targeting process exists only for co-translational translocation, where SRP and its membrane receptor mediate the binding of a translating ribo-some to the translocon. Although the cytosolic Hsp70 molecules Ssa1-4 have been implicated in post-translational translocation (18 -20) , it was thought that they would merely keep polypeptides in a loosely folded, translocation-competent state.
Our results now suggest that Ssa1 is a targeting factor, as it has a specific interaction with the translocon.
A similar targeting mechanism is seen in post-translational transport into mitochondria, where the TPR domain-containing protein Tom70 functions as a receptor for mitochondrial precursor proteins (34) . Similar to the ER protein Sec72, Tom70 is a constituent of the mitochondrial translocation machinery, interacts with the C terminus of Ssa1 (28) , and recruits polypeptides associated with Ssa1 to the mitochondrial membrane. Because Ssa1 likely does not discriminate between proteins destined to the ER or mitochondria, it is likely that the targeting specificity comes from the signal sequence. Nevertheless, Ssa1-mediated interaction with the translocons in the two organelles could increase the local concentration of transport substrates and thus enhance targeting efficiency. Because only a few C-terminal amino acids of Ssa are involved in the interaction with Sec72 or Tom70, the binding constants are low and the interaction is likely transient. Indeed, as in the case of Sec72, Tom70 interacts only weakly with Ssa1 (34) . A weak interaction of Ssa1 with receptor proteins is expected, as the targeting systems are dynamic, with Ssa1 likely associating and dissociating both with the translocation substrate and with the receptors in the organelles. A TPR domain-containing protein, Pex5, is also involved in the targeting of proteins to peroxisomes (for review, see Ref. 35) . In this case, the TPR domain interacts with the C-terminal targeting sequence SKL of proteins destined to the peroxisomal matrix (36) . Again, the binding constant is low, but still allows specific targeting. Taken together, TPR domains appear to be a common theme in substrate targeting to different organelles, either directly as in the case of Pex5, or indirectly through Ssa1, as in the case of Tom70 and Sec72.
We made the surprising observation that Ssb1, a cytosolic Hsp70 lacking an acidic C terminus, also binds to the TPR domain of Sec72. In this case, the binding is mediated by the ATPase domain. As in the precedent case of Hip (32) , the interaction with the TPR domain leads to inhibition of nucleotide exchange. The interaction surface of Ssb1 for the TPR domain is also found in the ATPase domains of Ssa1 and Sse1, but our data indicate that Ssa1 only binds through its C-terminal tail (Fig. 3c ) and Sse1 binds weakly or not at all (Fig. 2a ). Perhaps, After immunoprecipitation, the samples were subjected to SDS-PAGE and autoradiography. The percentage of non-translocated CPY (prepro-CPY (ppCPY)) with respect to total CPY (glycosylated CPY (gCPY) plus ppCPY) was determined by densitometry from two (TPR2*) or four to six (all others) experiments, a representative of which is shown in the lower panel. The bars show mean (TPR2) and standard deviation (all others). TPR2* contains the mutations S111A and D114A in full-length S. cerevisiae Sec72 (equivalent to the TPR2* mutations in C. thermophilum). TPR3* contains the mutations R145A, D141A, and K175A (equivalent to the TPR3* mutations in C. thermophilum), and TPR $ contains D172R and E173K, equivalent to the E190R and E191R mutations in C. thermophilum (Fig. 4) . the binding to the N-terminal ATPase domains is somehow inhibited in the full-length Ssa1 and Sse1 proteins.
Based on the interaction between Ssb1 and Sec72, we propose that substrates can be co-translationally recruited to the ER membrane, even when they are translocated by the Sec complex that is dedicated to post-translational transport. In this model, Ssb1 would mediate the interaction of a ribosome-nascent chain complex with the Sec71-Sec72 components of the Sec complex ( Fig. 5) . A population of Ssb1 is indeed bound to ribosome-nascent chain complexes, and could therefore potentially target proteins to the translocon (25) . Based on an ER proximity assay to analyze ribosome targeting, there is also evidence that Sec71-Sec72 is involved in the recruitment of translating ribosomes (22) . CPY was one of the Sec71-dependent, post-translational substrates that was synthesized by ribosomes targeted to the ER membrane (22) . Whereas the ribosome binds directly to the Sec61 channel during co-translational translocation, in this model it would bind through the nascent chain and Ssb1 to Sec72. The binding of the TPR domain of Sec72 to the ATPase domain of Ssb1 would lead to inhibition of nucleotide exchange, which in turn would prolong the interaction of the nascent chain with Ssb1 until translocation commences. Further experiments should allow this and other models to be tested directly, including the mechanisms by which exchange of Ssb1 for Ssa1, as well as release of the Hsp70s and subsequent protein translocation, are coordinated.
Experimental procedures
Protein purification
Sec71 (residues 48 -202, referred to as Sec71 f ) and full-length Sec72 of C. thermophilum were co-expressed in E. coli. The TPR domain of Sec72 (68 -214) or a Sec72-Ssa1 peptide fusion (residues 68 -214 of Sec72 fused to C. thermophilum Ssa1 C-terminal sequence HDNDGPTVEEVD) were expressed individually. These constructs were cloned into expression plasmids based on pQLink (Addgene plasmid, accession numbers 13670 and 13667) (37) . GST-Ssa_lid (524 -642) and GST-Ssa1lid_⌬C (524 -627) from S. cerevisiae were expressed after cloning into the plasmid pGEX-4T1 (GE Healthcare). Ssa1 (1-642), Ssb1 (1-613), the ATPase domain of Ssb1 (1-384) from S. cerevisiae were expressed after cloning into the plas- 
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mid pProEx HTb (Gibco). Mutations were introduced using QuikChange Mutagenesis (Stratagene). All constructs were confirmed by DNA sequencing.
N-terminally His-tagged proteins were produced in BL21 E. coli (New England Biolabs) grown in 2x YT medium at 37°C to an A 600 of 1.0 -1.4. Protein expression was induced by the addition of 0.3-0.5 mM isopropyl ␤-D-thiogalactopyranoside (IPTG). After growth overnight at 18°C (Ssb1_ATPase domain, 1-384) or 24°C (all others), the cells were harvested and the tagged proteins were purified from cell lysates by Ni 2ϩ -affinity chromatography followed by removal of the His-tag by digestion with tobacco etch virus protease. When necessary, the proteins were further purified by anion exchange (MonoQ, GE Healthcare) and size exclusion (S200, GE Healthcare) chromatography. For Ssa1 and Ssb1, the proteins were treated with EDTA overnight to strip off nucleotide prior to anion exchange (MonoQ, GE Healthcare) and size exclusion (S200, GE Healthcare) chromatography (38) . Ssb1_ATPase domain (1-384) was purified as described for the ATPase domain of Hsp70 (32) . Purified proteins were flash frozen in liquid nitrogen and stored at Ϫ80°C. For the preparation of selenomethionine (Se-Met)labeled Sec71 (residues 48 -202, Sec71 f ) and full-length Sec72 (residues 1-214), methionine synthesis was suppressed by metabolic inhibition (39) . Sec71 (48 -202) and Sec72 (1-214) were co-expressed in BL21 E. coli cells grown in M9 media supplemented with 5% (w/v) dextrose and 0.7% (w/v) yeast nitrogen base without amino acids (Difco) to an A 600 of ϳ0.8. L-selenomethionine (Acros Organics) was added to a final concentration of 50 mg/liter (lysine, phenylalanine, threonine, arginine, isoleucine, leucine, valine) (final concentrations, 50 mg/liter) (Sigma). After 20 min, protein expression was induced by adding 1 mM IPTG and shaking overnight at 24°C. Se-Met proteins were purified as above, with 5 mM DTT present throughout.
N-terminally GST-tagged proteins were produced in BL21 E. coli (New England Biolabs) cells grown in 2x YT media at 37°C to an A 600 of 1.0 -1.4. Protein expression was induced by the addition of 0.3-0.5 mM IPTG. Cells were harvested after growing overnight at 24°C, and the tagged proteins were purified from cell lysates by glutathione-affinity chromatography followed by size exclusion (S200, GE Healthcare) chromatography. Purified proteins were flash frozen in liquid nitrogen and stored at Ϫ80°C. Hsc82, Sse1, and Hsp104 were purified as reported (40) .
Crystallization and structure determination
Crystals of Se-Met-substituted Sec71-Sec72 complex were obtained by vapor diffusion at 4°C using a 1:1 ratio of protein (11 mg/ml) and well buffer (0.1 M Tris-HCl, pH 8.5, 1.4 M ammonium tartrate dibasic). Crystals grew over a period of 2 days and were subsequently cryo-protected using well buffer supplemented with sequentially increasing concentrations of glycerol (up to 15% (v/v)) before flash freezing in liquid nitrogen. Crystals of the Sec72-Ssa1 fusion construct were obtained by vapor diffusion at 23°C using a 1:1 ratio of protein (15 mg/ml) and well buffer (0.1 M ammonium citrate, pH 7.0, 12% PEG 3350). Streak seeding was required to produce high-quality crystals.
Crystals were cryo-protected by a brief soak in buffer (14% PEG 3350, 0.1 M ammonium citrate, pH 7.0) supplemented with 15% (v/v) glycerol and flash frozen in liquid nitrogen. All data were collected at NE-CAT of the Advanced Photon Source (Argonne National Laboratory) and processed using X-ray Detector Software (XDS) (41) .
The His 7 -Sec71-Sec72 complex crystallized in space group P6522, with one molecule in the asymmetric unit. The crystals diffracted to a maximum resolution of 3.0 Å. The structure was determined by SAD phasing using Se-Met-substituted protein.
To improve the anomalous signal for phasing, Se-Met SAD datasets from two different crystals were merged using XDS. The PHENIX suite of programs was used to find the Se-Met sites, calculate the initial electron density maps, improve the phases, and generate the initial model (42) . The final model was obtained after iterative cycles of model building using COOT (43) with refinement in PHENIX. The final model includes all residues of Sec72, except amino acids 1-4 and 214 (residues 5-213). The model also includes essentially all residues of the Sec71 construct (residues 30 -184 of Sec71 and the sequence NLYFQGS preceding the Sec71 sequence), except the His-tag and the linker region between the His-tag and the tobacco etch virus cleavage site. 96.0% of the residues are in the most favored regions of the Ramachandran plot, whereas 4.0% fall in allowed regions, as judged using MolProbity (44) .
The Sec72-peptide fusion protein crystallized in space group P21212, with eight molecules in the asymmetric unit. The structure was solved by molecular replacement using PHASER (45) , with Sec72 TPR domain (68 -213) as the search model. The final model, built using COOT and refined using PHENIX, includes Sec72 residues 68 -214 and the Ssa1 residues PTVEEVD. 96.3% of the residues are in the most favored regions of the Ramachandran plot, with the remaining 3.7% falling in allowed regions as judged using MolProbity (44) . Data collection and structure refinement statistics for both structures are summarized in supplemental Table 1 .
Crystal contacts were analyzed with PISA (46), and structural homologs identified with DALI (47). Structure-based sequence alignment was guided by DaliLite (48) , and molecular illustrations were prepared with PyMOL (49) .
Binding experiments
Analytical size exclusion chromatography to monitor complex formation between Sec72 (TPR) and Ssa1p or Ssb1p was performed at 4°C. 100 M Ssa1 or Ssb1 was incubated with 3-fold excess of wild-type Sec72 (TPR) or mutant Sec72 (TPR2*, TPR3*) for 30 min on ice, and samples were loaded onto a Superdex 5/150 column (GE Healthcare) equilibrated with 50 mM Tris-HCl, pH8.0. Fractions were analyzed by SDS-PAGE and stained with EZBlue (Invitrogen). For measuring binding to Ssb1_ATPase, 200 M of the ATPase domain was incubated with 10-fold excess of Sec72 (TPR) and loaded onto a Superdex 5/150 column as above. For measuring binding to GST-fusion proteins (GST-Ssa1_lid, GST-Ssa1_lid ⌬C), 250 M fusion protein was incubated with a 3-fold excess of Sec72 (TPR), and binding was tested as above.
The interaction of Ssa1, Sse1, Hsc82, or Hsp104 with His 7 -Sec71-Sec72 complex was tested in 50 l of 20 mM Hepes/ KOH, pH7.5, 100 mM KCl, 10 mM imidazole, 5 mM MgCl 2 , 5 mM ADP, 5 mM 2-mercaptoethanol. 50 M His-tagged complex was incubated with 5 M chaperone on ice for 2 h and then added to Ni-NTA agarose beads. After 10 min incubation, the resin was washed twice with binding buffer and the bound material was eluted with binding buffer containing 300 mM imidazole.
Microscale thermophoresis
Assays were carried out with a Monolith NT.115 instrument (Nano Temper, Munich, Germany) at 22°C. Purified fulllength Ssa1 was labeled with L001 Monolith NT.115 Protein Labeling Kit RED-NHS (Amine Reactive) dye according to the manufacturer's instructions. All components were in 20 mM Hepes/KOH pH 8.0, 50 mM KCl, 0.05% (v/v) Tween20, 0.5 mM tris(2-carboxyethyl)phosphine (TCEP). 10 nM of labeled Ssa1 was added to serial dilutions of unlabeled, Sec72 TPR domain (0.03-1000 M), incubated for 5 min and loaded into capillaries. Data evaluation was performed with the Monolith software. The binding constant reported was determined from four independent experiments.
Nucleotide release measurements
Nucleotide release kinetics of the fluorescent nucleotide analog MANT-ADP was followed with a Synergy H1M multimode reader (Biotek). All components were in 15 mM Tris, pH 8.0, or 15 mM Hepes, pH 7.0, 60 mM KCl, and 5 mM MgCl 2 buffer (buffer A) containing 1 mM 2-mercaptoethanol. MANT-ADP complexes were formed by mixing 150 M Ssb1, Ssb1 ATPase domain or Ssb1 # mutant (E286A, R264A), in the ratio of 0.9:1 for 20 min at 27°C and then incubating at 4°C overnight. At the beginning of the experiment, the ATPases were diluted to a concentration of 5 M in buffer A. The nucleotide exchange solutions contained 2.5 mM ATP and protein factors (used in 90-fold excess), as indicated in Fig. 4 . To determine the nucleotide release rates, equal volumes of the solutions were mixed at 30°C and release of labeled nucleotide was monitored by the decrease in MANT-ADP fluorescence (excitation 350 nm, emission cutoff filter 448 nm). The curves were analyzed assuming first-order kinetics and a constant drift from bleaching. Rates reported were determined from at least three independent experiments.
Strain construction and immunoprecipitation of radiolabeled proteins
The SEC72 gene in strain MAT a, trp1-1, ade2, leu2-1,112, ura3, his3-11, can1 was disrupted using a kanamycin-resistant cassette as described previously (50) to obtain RGY700. Gene disruption was confirmed by PCR.
RGY700 strain was transformed with LEU2-marked plasmid (pRS315) encoding wild type or mutated SEC72, as detailed in the text. Cells were incubated with Trans 35 S-label (Perkin Elmer) and radiolabeled carboxypeptidase (CPY) was immunoprecipitated, as described previously (50) .
Accession numbers
Coordinates and structure factors for the Sec71-Sec72 complex and Sec72-Ssa1 peptide fusion protein have been depos-ited in the Protein Data Bank under the accession numbers 5L0W and 5L0Y, respectively.
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